Summary
does not bind to SHBG [61. The metabolic clearance rate also reflects the strength of binding of a steroid for SHBG, being much lower for DHT than for the relatively weakly bound E,. Binding of a steroid to HSA appears not to be of any significance in controlling the metabolic clearance rate. Although 68-85% of oestrone and 16-25% of oestriol is bound to HSA in plasma and neither oestrogen exhibits any appreciable binding to SHBG 171, there is no significant difference in the metabolic clearance rate of the two steroids [81.
An accurate and meaningful definition of unbound or biologically active steroid is made more difficult as the protective effect of protein binding on steroids varies at various sites of metabolism [ 21 and in different physiological conditions. Attempts to identify the biologically active fraction, without having to measure the unbound steroid directly, have resulted in indices with elaborate equations such as the 'apparent free testosterone concentration ' 151 or simply the ratio of steroid to SHBG has been employed as an index of the unbound fraction [l] . We have shown previously [7, 91 that steroid bound to SHBG and HSA respectively may be measured simultaneously and directly with reasonable accuracy in the same assay. In this report we present a computerized technique for the estimation of unbound fractions of T and E, which may be useful in simplifying these measurements.
Materials and methods

General
Tritiated DHT (1,2,4,5,6,7-'H), specific radioactivity 122 Ci/mmol; tritiated T (1,2,6,7-'H), specific radioactivity 109 Ci/mmol and tritiated E, (2,4,6,7-'H), specific radioactivity 106 Ci/ mmol were purchased from The Radiochemical Centre Amersham Ltd, U.K. All radio-inert steroids were purchased from Steraloids Ltd, U.K. HSA was purchased from Sigma Chemical Co. Ltd, U.K. Sepharose 4B and Sephadex LH-20 were purchased from Pharmacia (G.B.) Ltd. All reagents were analytical grade. The buffer used throughout was Tris (50 mmol/ l)/CaCl, (5 mmol/l)/HCl, pH 7.5. Radioactivity was determined in a Packard liquid scintillation counter (efficiency, 40%). 
Determination of percentage T and E , binding to SHBG and HSA
Effect of varying HSA concentration
Plasma pools representing SHBG levels of 18, 60 and 190 nmol of DHT bound/l were dealbuminized and the resultant supernatants were concentrated to the original volume. Amounts of HSA in powder form representing 1, 2-5 and 5 g/100 ml of plasma were added to these plasma pools. Binding of PHIE, and [3HlT to HSA and SHBG was determined by the two-tier column method for each series of plasma pools representing known levels of SHBG, and added HSA concentrations.
Determination of non-specific binding of E, and T to SHBG Plasma pools representing SHBG levels of 18, 60 and 190 nmol of DHT bound/l were treated with charcoal to remove endogenous steroids and dealbuminized. The resultant supernatants were concentrated to their original volumes as above and amounts of ethylenediaminetetra-acetic acid (EDTA) equivalent to 2 mmol/l were added to each plasma pool. The plasma pools were then heated in a water bath at 45OC for 25 min. Two different sets of experiments were performed on these plasma pools: (a) binding of ["HIE, and VHIT to SHBG and HSA was determined for each pool by the two-tier column method; (b) binding of PHIE, and PHIT were determined by equilibrium dialysis for each pool in the manner described except that aliquots of the pools were dialysed against charcoal-treated, HSA-and SHBG-free plasma which had been similarly heat-treated (25 min at 45OC) in the presence of EDTA.
In a further series of experiments samples with SHBG levels of 18, 60 and 190 nmol of DHT bound/l were charcoal-treated, dealbuminized and heated at 63OC for 45 min in the absence of EDTA. Binding of i3H]E, and 13H]T was determined as in (a) and (b) above. Buffer blanks were dialysed in each series of equilibrium dialysis experiments.
Investigation of the saturability of non-speciJc binding of E, to SHBG Plasma pools with SHBG values of 18,60 and 190 nmol of DHT bound/l and treated as described in the first paragraph of the preceding section were dialysed as described in (b) of that section and binding was determined in the presence of increasing concentrations of radio- DHT by increasing amounts of E, and T respectively was also investigated. In parallel experiments, similar competition studies were carried out in whole plasma pools by using equilibrium dialysis. From the data representing the respective unbound fractions of E, and T and the roles SHBG and HSA have in determining these fractions, together with the results of competition studies described above, a computer program was derived (Fortran 5 computer) as follows: owing to the alteration in the binding of E, and T by physiological concentrations of T, the concentration of the latter was one variable: the other variable was the level of SHBG. For the computer analysis of unbound E, fractions there was a further variable, the DHT concentration, since variations over the physiological range of this steroid caused substantial displacement of PHIE,. The computer program employed interpolation between the various known values of unbound T and E, fractions respectively, the Le Grange formula being used for three-point interpolation between the first two values, Gaussian four-point interpolation for the middle values and linear interpolation for the highest value. Each point has interpolation in the 'T' and 'SHBG' direction for the analysis of unbound fractions of T; for analysing similar fractions of unbound E, each point has interpolations in the 'T', 'DHT' and SHBG direction. Interpolation by a computer program could be calculated to a high degree of accuracy so the results are limited by experimental accuracy alone. The same degree of
With the two-tier column method and equilibrium dialysis, a comparison of the results obtained by direct measurement and by the computer program was carried out for six plasma samples (not treated with charcoal) of known SHBG binding capacity, total T, E, and DHT levels.
Results
The percentage binding of T and E, respectively to SHBG and HSA is illustrated in Figs. 1 and 2 . Percentages of T and E, not bound to any plasma component, as determined by equilibrium dialysis, are illustrated in Fig. 3 . Linear regression analyses showed negative correlations between T bound (%)to SHBG and that bound to HSA (r = (Table 1) . When both HSA and SHBG were removed by affinity chromatography (the successful removal of the latter was again verified by lack of binding by using the two-tier column, polyacrylamide gel electrophoresis and double immunodiffusion 131) the mean percentage T binding was 10.56 f SD 0.515 (n = 9) and was not significantly different for any one pool. Similarly the mean percentage E, binding in the absence of SHBG and HSA was 11.77 f 0.278 (n = 9) and was not significantly different for any one pool. Varying HSA concentration from 1 to 5 g/100 ml of plasma did not result in any significant change in percentage binding of T or E, to SHBG at any of the SHBG levels investigated (Table 2) . No binding of either [3HlT or [3H]E, was detected either to SHBG or HSA with the two-tier column method for any of the three steroid-free, dealbuminized plasma pools heattreated at 45OC for 25 min in the presence of EDTA. Equilibrium dialysis of these pools gave percentage mean binding -CSD of l3H1E,, for plasma pools of SHBG levels 18, 60 and 190 nmol of DHT bound/!, of 7 -C 0.580% (n = 7), 10 i-0.438% (n = 6) and 12 f 0.387% (n = 7); increasing the amounts of radio-inert E, showed no significant difference in binding for any Table 3 . No displacement of L3HIDHT from SHBG by DHT was shown over the entire range of DHT concentrations added. Results also indicate that when significant displacement of steroid from SHBG is caused, e.g. of ['HIE, at low SHBG levels by high physiological concentrations of T or DHT, the steroid displaced from the specific protein is principally bound by HSA. This was confirmed when competition studies were carried out by using equilibrium dialysis, as no displacement of any tritiated steroid by any radio-inert steroid could be demonstrated over the physiological concentration range of these steroids.
Comparison of results in six plasma samples of T and E, unbound to SHBG (designated A), unbound to SHBG and HSA (designated B) and those unbound to all plasma proteins (designated C), estimated by computer analysis and determined directly by the two-tier column method and equilibrium dialysis, are presented in Table 4 . These agreed to within 5%.
Discussion
Any discussion of unbound steroid must first define that entity. We find three fractions of unbound steroid in plasma. Which of these fractions should be regarded as biologically active? The answer is not a simple one; the relative activity of the different unbound fractions will depend on the strength of binding at the site of steroid consumption and will vary from site to site. Identification of the biologically active fraction cannot therefore be absolute and studies in uitro provide only an indirect assessment. In this report we are able at least to discount some previous misconceptions.
In the absence of the two most important binding proteins for T and E,, a significant percentage of the two steroids is still bound in the plasma; it is unlikely that this percentage will still be as high as 1 1 or 12% in the presence of SHBG and HSA, but this residual binding may be of importance at low SHBG levels.
With regard to E, binding the situation is more complex, since E, exhibits weak non-specific binding to SHBG over and above the residual binding of 12% it shows in the absence of HSA and SHBG. Although heat treatment at 6OoC for periods of around 45 min results in total loss of SHBG binding activity, it has been demonstrated [141 that SHBG loses half its specific binding activity in 6 min by heat treatment at 5OoC in the presence of EDTA at 1 mmol/l; no attempt was made, however, to measure non-specific binding of SHBG in that study. Our results show that at the relatively lower temperature of 45OC heat inactivation for a shorter period (25 min) in the presence of EDTA at 2 mmol/l selectively denatures the specific binding site of SHBG, whereas some non-specific binding still remains, at least for E,. This non-specific binding is distinct from the specific binding to SHBG, for which there is only one saturable binding site In view of the finding that SHBG has a single and common binding site for the steroids that it binds [ l l , 171, the sigmoid curve obtained on plotting percentage E, binding to SHBG against increasing SHBG concentrations is unexpected (Fig. 2) . It is unlikely that SHBG has more than one binding site per mol for E, and it seems more likely that at the higher concentrations of SHBG (66 nmol of DHT bound/l and above), nonspecific binding of E, to SHBG demonstrated in this paper becomes relatively more important, and as the specific binding of E, is relatively weak as compared with that of T, the resultant curve has the shape for more than one set of nonhomogeneous binding sites. Such is not the case for T (Fig. l) , where the specific binding is relatively strong and overshadows any nonspecific binding to the SHBG molecule. Elaborate studies of the kind reported previously [3,41 may help to clarify the relative importance of the three unbound fractions of steroid in different metabolic states. Use of the present methodology should make such studies more meaningful.
